Abstract A fast video camera is verified to be a powerful tool for observation of filaments/blobs near the last closed flux surface (LCFS). In order to extract the fluctuation component from the raw data of the fast camera, a pre-processing technique, sliding time window averaging subtraction (STWAS) has been developed to remove the background of slowly varying emission from the bulk plasma. By using this pre-processing technique, the fast camera data are analyzed. A method to identify the filaments in the pre-processed image is also discussed.
Introduction
Blobs/filaments are well known as intermittent turbulent transport structures across the confining magnetic field near LCFS [1, 2] . These structures are stretched along magnetic field lines and form k // /k ⊥ 1 structures with much higher density than the background plasma [3] . It was shown that blobs contribute significantly to the radial transport outside LCFS [4] , therefore studies related to blobs/filaments are very important for plasma-surface interaction issues. Langmuir probes are routinely applied for the poloidal and radial structures by measuring ion saturation currents to get the plasma density fluctuation. However, as the probe is inserted inside the LCFS there is a risk that the high heat load damages the probes and the released impurities lead to a plasma collapse. A fast camera can provide 2D images of filament structures by measuring mainly the visible light emission from the edge plasma. It features non-invasive observation, a wide and flexible view region, and a high spatial resolution [5] . However, it is difficult to recognize filaments in a raw image. In previous studies of camera data from Heliotron J, phase analysis clearly showed some narrow belts with the same phase shift, which implies the existence of filaments [6] . However, more filament information such as mode number and width are needed for further understanding of the edge turbulence. Sliding time window averaging subtraction (STWAS) has been employed to extract the fluctuation components from the raw data. This method was applied to the image analyses of the image data in the 2010 campaign.
Diagnostics setup
Heliotron J is a medium sized helical-axis heliotron device with an L = 1/M = 4 helical coil [7, 8] . Two fast cameras were installed on Heliotron J to simultaneously measure fluctuations, as shown in Fig. 1(a) . A Photron SA5 camera was installed at the toroidal position #10.5 for a tangential view. The object lens at #10.5 port has a wide angle view (f =6.5 mm) and a relatively small aperture (F1.8), both of which benefit the depth of field. Another camera (NAC fx-k5) was installed at #11.5 to get top and horizontal views. The optical path at #11.5 is shown in Fig. 1(b) . We use a two-way optical fiber bundle to deliver simultaneous images from the two view directions.
A supersonic molecular beam injection (SMBI) was employed at #11.5 port for fuelling control, while it also enhanced local emission of the observed edge plasma. The emission enhancement by SMBI makes the available camera frame frequency and/or shutter speed much higher than those without SMBI. In Heliotron J and another device, comparison with images using a H α filter indicated that the observed visible image is mainly attributed to the H α emission [9] . The light emission intensity S α of the H α line is proportional to the neutral gas density n 0 and depends nonlinearly on the electron temperature T e and the electron density n e , S α ∝n 0 n α1 e T α2 e [10] . Assuming that the neutral density n 0 does not change during the small fluctuation time scale, the fluctuations of S α are due to the local evolution of plasma or propagating plasmoids whose electrons n e can excite neutral atoms immediately. A Langmuir probe array was also installed at #11.5 below the camera window. We can use the known position of the probe to identify the fast camera's field of view. Using the frame frequency of 30 kHz and shutter speed of 100 kHz in this experiment, filaments were tracked in the toroidal and poloidal directions with a spatial resolution of 288×240 pixels.
Data analysis 3.1 Pre-processing
The raw signal of fast camera data contains both a long time scale "background" and short time scale fluctuations. The "background" part comes from the slowly varying bulk plasma emission. The fluctuation part probably comes from edge turbulences. The amplitude of fluctuation component is usually rather small compared to that of the "background". This section describes a pre-processing process, i.e., how to pick up the fluctuation components from the raw data of a typical shot in the SMBI fueling control experiment with co-NBI heating. Some plasma parameters are shown in Fig. 2 . A sharply increasing H α signal (#11.5H α ), which is measured at the same toroidal section as SMBI, clearly shows the arrival timing of molecular beam. Just after SMBI, a significant change of plasma density is observed. However, the confined energy decreases a little. After a short time, it increases to a much higher level than before. A detailed discussion about SMBI fuelling control was given in Ref. [11] . Fig.2 Main plasma parameters of shot No.41606. Top: heating pulses of ECH and NBI. Bottom: "Wp" is the stored plasma energy, "nebar"is the line-averaged electron density, "#11.5Hα" is the signal of Hα detector at the #11.5 section (color online)
Using a time average of the intensity of the image during a specified time window around an interesting time point as the "background" value, and sliding the time window point by point, we can get a background curve I bg . Then applying the following equation, the fluctuation component is calculated:
where I f is the fluctuation intensity, and I raw is the raw signal. Several time windows of different sizes were examined to optimize this procedure. Naturally, a good "background" should be smooth and without significant ripples. An example of the result with a 0.5 ms sliding time window is shown in Fig. 3 . The extracted fluctuation is very similar to that from a 2 kHz high pass fast fourier transform (FFT) filter. Actually, it was found that STWAS calculation with a t ms time window has an effect similar to 1/t kHz high pass FFT filter. However, STWAS method does not need any window function, which is necessary for FFT analysis. The effect of the STWAS pre-processing is illustrated in Fig. 4 . Filament structures stretching more likely along the magnetic field line are clearly shown. After removing the fluctuation component, we cannot see any structure from the "background" image. 
Filament tracking
After the pre-processing, the fluctuation data are filtered with a threshold in amplitude and size to extract previously identified "official" filaments [12] , which is defined by a critical size and amplitude conditions of the fluctuation data. The amplitude condition for each point is set to 1σ(x, y) in this study, where σ(x, y) is the standard deviation (STD) of fluctuation at point (x, y) during the time-window for the pre-processing. The size condition is set to 4 pixels at the poloidal direction. Knowing the pixel size on the image sensor, the focus distance of the object lens and the distance from the plasma edge to the object lens, the observed dimension per pixel is estimated to be 1.5 mm/pixel. Therefore, the size condition is actually about 6 mm. This setting of thresholds is quite subjective at present. Both of the two threshold conditions still need to be optimized based on more analysis results. To set a "standard" threshold to get "official" filaments will be meaningful to make a comparison of the filament parameters among different discharges. Fig. 5 shows an example of the fluctuation signal along a line in the poloidal direction at a specified time point. We can identify three filaments. The full width half maximum (FWHM) of each filament is about 5 pixels, 8 pixels, 12 pixels, corresponding to the actual poloidal width of 7.5 mm, 12 mm and 18 mm, respectively. If the same filament is identified in adjacent frames, we can estimate the speed of the filament. When the maximum pixel number of the image along the poloidal direction is N y , the maximum velocity of the filament V max , which we can track, is described as
where the distance in the real space per pixel is d y m/pixel and the frame speed of the camera is f fps. In this discharge with 30 kfps and N y = 66 pixels, V max is ∼3 km/s. Actually, the poloidal motion of a traceable filament must be much slower than V max , since we need more than two frames to identify the same filament. In addition, a filament has to cross a certain poloidal distance before disappearing. Therefore, higher fps, higher spatial resolution and wider view are needed to estimate the velocity of the filament structure.
Summary
A fast video camera is a powerful tool for observation of filaments/blobs near the last closed flux surface (LCFS). In order to extract the fluctuation component from the raw data of fast camera, a pre-processing technique, sliding time window averaging subtraction (STWAS) has been developed to eliminate the background signal due to the slowly varying emission from the bulk plasma.
By using this pre-processing technique, the data in 2010 campaign are analyzed. The processed image of the horizontal view at #11.5 shows a clear filament-like structure. An amplitude and size threshold is employed to define an "official" filament. To get more quantitative features, the procedure for automatic estimation of the mode number, the perpendicular width and the velocity of the filaments is under development.
